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Abstract 
Nowadays, the automotive sector requires great quality for each product that is produced, 
and especially regarding those pieces or parts which need to be reliable and long lasting, 
and that require high properties because of their use.  
High temperatures, high pressures or constant friction are effects that some pieces in the 
engine, for example, have to endure during its working life, which is of around fifteen to 
seventeen years. 
It is precisely in the automobile’s engine where pieces suffer the most aggressive effects, 
and therefore, where the fabrication has to be optimized to achieve its goals. 
Inside the engine, with its high temperatures, great movement and extenuating friction, the 
piston has to find a perfect measurement in roughness in order to avoid arriving to such 
aggressive conditions. This is done by maintaining the oil and the fuel separated but 
retaining the oil to a certain level to avoid excessive friction piston-cylinder. 
Therefore, the study of roughness regarding fabrication of these pieces is extremely 
important, and in addition to this, the realization of where it can be improved and where it 
cannot. 
This paper studies a way of differentiating the various frequencies of a surface profile. First, 
it analyses the primary surface properties to figure out what differentiates frequencies within 
a sample. Then, it studies which values assigned, regarding the properties, act in a filter to 
differentiate frequencies. Finally, it arrives to the conclusion of what is roughness and what 
is waviness and their specific properties. 
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1. Glossary 
1.1. Domain Terms 
Listed below are a set of terms, and their meanings, commonly used throughout the present 
project: 
Profile – A two dimensional slice through an area. 
Wavelength – Spatial period of the wave, this is to say, the distance over which the wave’s 
shape repeats. 
Roughness Parameters – The non-periodic finer irregularities in the surface texture which 
are inherent in the production process.  These are a measure of the vertical characteristics 
of the surface.  
Waviness Parameters – A larger component of surface texture upon which roughness is 
superimposed.    
Hybrid Parameters – These parameters are combinations of spacing and roughness 
parameters. 
Spacing Parameters – A measure of the horizontal or lateral periodic characteristics of the 
surface.   
Nominal profile – This is the ideal surface defined by the design. In practice this surface 
does not exist. 
Raw, Measured or Gross profile – This is the obtained surface by any measurement 
system. It is also referred to as G Profile. 
Real or Primary profile – This is the physical surface that limits the body.  It this paper, 
the real or primary profile is the result of a ‘horizontalisation’, that is, the profile has been 
transformed into a horizontal plot. It is also called P Profile. 
Cut-off – Variable wavelength limit between two differenced profiles. 
Roughness profile – This is the profile curve after a high-range filter (cut-off value λc or 
lc) is applied to the primary curve and the long wavelength portion is excluded. 
Parameters calculated from the roughness curve are called "roughness parameters", and 
their parameter symbol is "R". 
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Waviness profile – This is the curve after a band pass filter (cut-off value λf / λc) is 
applied to the primary curve. The cut-off value λf excludes the long wavelength portion, 
while the cut-off value λc excludes the short wavelength portion. Parameters calculated 
from the waviness curve are called "waviness parameters", and their parameter symbol is 
"W". 
Form Profile – The general shape of the surface, ignoring variations die to roughness 
and waviness. Deviations from the desired form can be caused by many factors. 
Sampling Length – The area selected for assessment and evaluation of the roughness 
parameter having the cut-off wavelength.  Any surface irregularities spaced farther apart 
than the sampling length are considered waviness.  The sampling length is also known as 
the cut-off length (Lr).  
Surface Texture – The topography of a surface composed of certain deviations that are 
typical of the real surface.  It includes roughness and waviness.  
Irregularities – Form, waviness and roughness that makes impossible obtaining the 
nominal profile. 
Mean Line – A straight line that is generated by calculating a weighted average for each 
data-point resulting in equal areas above and below the line.  It is also known as the 
centre line. 
Filter – Mathematical method or algorithm to separate different wavelengths in a profile. 
Gaussian filter – Algorithm or filter based on the Gaussian function. 
1.2. Abbreviations 
The following project-specific and general technical abbreviations are used on the project 
and especially in Matlab programing or algorithms: 
λc – value of wavelength’s cut-off. 
lc (lc0, lc1…) – Value of cut-off measured length. 
lr – Sample or basic length.  
ln (ln0, ln1…) – Value of evaluation length. The evaluation length consists of five sampling 
lengths, lc, according to ISO 42871. 
xvec – Value of distance to origin. Not all samples start at zero. 
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yvec1 – Value of surface’s raw profile heights. 
yvec2 – Value of surface’s horizontal-made profile heights: primary or real profile. 
yvecr – Value of surface’s Roughness profile heights. 
yvecw – Value of surface’s Waviness profile heights. 
hvec – Value of filter applied to the primary or real profile. 
xvecln – Value of surface’s length within interval study limits (related to value of ln). 
yvecln – Value of surface’s horizontal-made profile heights within interval study limits 
(related to value of ln). 
yvecrln – Value of surface’s roughness profile heights within interval study limits (related 
to value of ln). 
ite – Iteration value number. 
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2. Preface 
2.1. Origin of the Project 
The department of Thermal Engines and Machines of ETSEIB, school from the Polytechnic 
University of Catalonia, UPC, hand by hand with the department of Materials and 
Fabrication of the same school, with the will to study and optimize the surface of pieces 
commonly used in the automotive sector, relied on an student to investigate the profiles 
given from own machinery in terms of roughness. Machinery which did not contain the 
proper software to treat the samples given for every piece.  
2.2. Motivation 
Given the optimisation requested for automotive pieces and the accuracy desired from 
automotive machinery, the motivation of this project was to elaborate a tool that could satisfy 
a need from the departments of ETSEIB School, without having to access the market where 
this tool already exists. 
This tool can either be intrinsic in fabrication machinery or in commercial software.  
It was of great motivation the chance to create a piece of software that could emulate real 
existing software used in the production industry, regarding any sector, and made by 
experts. And that could be of help and used by professors in ETSEIB School. 
2.3. Previous Requirements 
The requirements that this project requested were basic theoretical knowledge of 
roughness and fabrication, knowledge of waves and filtering, certain understanding of how 
to use and access ISO or ASME documentation and finally high knowledge of Matlab 
language for programming.  
All these requirements were acquired by the author during the development of the project. 
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3. Introduction 
Surfaces are never as smooth as desired. It is impossible to create a perfect surface without 
what we know as Roughness. Every machine has its limits, or sometimes, a determined 
degree of roughness is somehow desired for a good performance of the piece itself for its 
use. 
During the fabrication process of any surface of a material, anomalies are created. The 
irregularities of the fabricated surface during a process can have an important effect in the 
optical, mechanical and electrical properties of the surface of the material.  
The irregularities, which diverge the sample from the Nominal Profile, can also cause 
changes in the behaviour characteristics of the material in terms of its weariness, water 
resistance, friction, bearing, lubrication, corrosion, etc.  
For this reason, it is very important to control the fabrication process by monitoring the 
surface structure of the material at key process points. 
To distinguish waviness from roughness in a surface it is basic to obtain desired properties 
of a piece. Waviness is, in some way, a property of the machine that produces the piece. 
Roughness is, however, a limitation of the machinery, a precision that the machine cannot 
reach. 
3.1. Objective of the Project  
The objective of this project is none other than to be able to, by means of digital software 
and data processing personal computers, differentiate ranges of spatial frequencies in 
profiles with the aim of studying proper parameters for each character. A typical engineering 
surface or profile consists of Roughness, Waviness and Form. 
3.2. Extent of the Project 
The project aims to distinguish the Waviness from the Roughness in a given sample of a 
piece surface. 
The results obtained would, therefore, be related to Roughness only, discarding any effect 
of the Waviness and, of course, of the Form of the piece.  
The final part of the project is to calculate properties of each profile. 
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3.3. Project Methodology 
The methodology of the project is as follows: 
Firstly, the main task will be to understand and gain basic or average knowledge of 
roughness. Its definitions, its parameters and all basic documentation regarding legal 
Standards and Regulation, in addition to correlation of parameters. After this, it is of great 
importance to understand and abstract the cut-off definition, physical sense, and its value 
that enables the filtering. 
In second place, after gaining knowledge of Matlab programing, it is a duty of 
applying the theory onto the programing. A basic part of the project is the research and 
learning of Matlab coding. 
To finish, all algorithms and functions will be tested until the results are satisfying.  
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4. Theory on Roughness 
4.1.  Surfaces’ wavelengths: Roughness, Waviness and 
Form 
All manufacturing processes leave a print on pieces fabricated, and all prints represent a 
quantifying parameter. The distinction of the Roughness of surfaces is capital in scientific 
and industrial applications.  
Different classified wavelengths of Roughness, Waviness and Form are generated by 
different aspects of manufacturing processes. These are wavelength regimes which affect 
the function of parts differently. 
In every surface, these wavelengths can be separated and differentiated to be studied 
alone. 
The high frequency or short wavelength components are referred to as Roughness, the 
medium frequencies as Waviness and low frequency components as Form.  
Below, Illustration 1 demonstrates this differentiation. 
 
Illustration 1: Roughness and Waviness in a Surface2 
Note that in Illustration 1: Roughness and Waviness in a Surface, the original or Primary 
Proﬁle does not contain signiﬁcant Form. 
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Note also that there is no set point at which Roughness becomes Waviness or vice versa, 
as this depends on the size and nature of the application. For example, the Waviness 
element on an optical lens may be considered as Roughness on an automotive part. 
4.2. Introduction to Roughness 
The quality of machined surfaces is characterized by the accuracy of its manufacture with 
respect to the dimensions specified by the designer. Every machining operation, as 
explained above in section 4.1.  Surfaces’ wavelengths: Roughness, Waviness and Form, 
leaves a characteristic result on the machined surface. This evidence or result is in the form 
of finely spaced micro irregularities left by the cutting tool. This pattern is known as surface 
finish or, precisely, surface roughness.3 
A surface will be considered rough if these deviations are large; if they are small, the surface 
will be considered smooth. However, the question is, what is large and what is small? This 
is the key of the project and will be sorted throughout the paper. 
Continuing with theory, the resultant roughness produced by a machining process can be 
thought of as the combination of two independent quantities4: 
 Ideal Roughness 
 Natural Roughness 
In this section, the explanation enters into fabrication theory not completely inside paper 
extents. 
4.2.1. Ideal Roughness 
Ideal surface roughness is a function of only feed and geometry. It represents the best 
possible finish which can be obtained for a given tool shape and feed. It can be achieved 
only if the built-up-edge, chatter and inaccuracies in the machine tool movements are 
eliminated completely. For a sharp tool without nose radius, the maximum height of 
unevenness is given by: 
 
Equation 1: Maximum Roughness  
 The surface roughness value is given by the expression: 
 
Equation 2: Surface Roughness value 
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Illustration 2: Idealized model of surface roughness 
Practical cutting tools are usually provided with a rounded corner, and figure above shows 
the surface produced by such a tool under ideal conditions.  
The roughness value is closely related to the feed and corner radius by the following 
expression: 
 
Equation 3: Relation between Roughness and radius value 
Where f is the feed and r, the corner radius. 
4.2.2. Natural Roughness 
In practice, it is not usually possible to achieve conditions such as those described above, 
and normally the natural surface roughness forms a large proportion of the actual 
roughness. One of the main factors contributing to natural roughness is the occurrence of 
a built-up edge.  
Thus, larger the built up edge, the rougher would be the surface produced, and factors 
tending to reduce chip-tool friction and to eliminate or reduce the built-up edge would give 
improved surface finish. 
4.2.3. Factors Affecting the Surface Finish 
Whenever two machined surfaces come in contact with one another the quality of the 
mating parts plays an important role in the performance and wear of the mating parts. The 
height, shape, arrangement and direction of these surface irregularities on the work piece 
depend upon a number of factors such as: 
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1) The machining variables which include 
a) Cutting speed 
b) Feed 
c) Depth of cut 
2) The tool geometry 
The design and geometry of the cutting tool also plays a vital role in 
determining the quality of the surface. Some geometric factors which affect 
achieved surface finish include: 
a) Nose radius 
b) Rake angle 
c) Side cutting edge angle 
d) Cutting edge 
3) Work piece and tool material combination and their mechanical properties 
4) Quality and type of the machine tool used, 
5) Auxiliary tooling, and lubricant used, and 
6) Vibrations between the work piece, machine tool and cutting tool. 
4.3. Terminology and Definitions  
Surface or Roughness characteristics can be appreciated in Illustration 3: Roughness 
characteristics. Terminology used when relating to roughness is explained below. 
 
Illustration 3: Roughness characteristics5 
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4.3.1. Roughness Height and Roughness Width 
The roughness height is the height of the irregularities with respect to a reference line. It is 
measured in millimetres or micrometres. It is also known as the height of unevenness. 
The roughness width is the distance parallel to the nominal surface between successive 
peaks or ridges which constitute the predominant pattern of the roughness. It is measured 
in millimetres. 
4.3.2. Roughness Width Cut Off 
Roughness width cut off is the greatest spacing of respective surface irregularities to be 
included in the measurement of the average roughness height. It should always be greater 
than the roughness width in order to obtain the total roughness height rating. 
4.3.3. Lay 
Lay represents the direction of predominant surface pattern produced and it reflects the 
machining operation used to produce it. It is similar to a mean line. 
4.3.4. Waviness and Waviness Height 
This refers to the irregularities which are outside the roughness width cut off values. 
Waviness is the widely spaced component of the surface texture. This may be the result of 
work piece or tool deflection during machining, vibrations or tool run out. 
Waviness height is the peak-to-valley distance of the surface profile, measured in 
millimetres. 
4.3.5. Arithmetic Average (AA) 
A close approximation of the arithmetic average roughness-height can be calculated from 
the profile chart of the surface. Averaging from a mean centreline may also be automatically 
performed by electronic instruments using appropriate circuitry through a meter or chart 
recorder.  
4.4. Roughness Parameters 
By convention every 2D roughness parameter is a capital R followed by additional 
characters in the subscript.  
Equivalent parameters with P and W are the corresponding parameters from the primary 
and waviness profiles respectively. 
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According to UNE-EN-ISO 4287, the parameters which define the state of a surface part 
are: 
 Ra – Arithmetic average of absolute values: arithmetical mean of the sums of all proﬁle 
values. Also referred to as the arithmetic mean surface roughness. 
 
Illustration 4: Graphic representation of Ra 
 Rq or RMS – Average groove width: Mean value of the width of the proﬁle elements Xsi 
(formerly Sm); for the evaluation, horizontal and vertical counting thresholds are 
determined.  
 Rz – Average peak-to-valley profile roughness:  The average peak-to-valley roughness 
based on one peak and one valley per sampling length.  The single largest deviation is 
found in five sampling lengths and then averaged. Identical to Rtm ISO. 
 
Illustration 5: Graphic representation of Rz 
 RZJIS – Ten Point Mean Roughness: Sum of the average value of absolute values of the 
heights of five highest profile peaks (Yp) and the depths of five deepest profile valleys 
(Yv) measured in the vertical magnification direction from the mean line of this sampled 
portion. 
 
Illustration 6: Graphic representation of Rzjis 
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 Rv – Lowest valley.  The maximum distance between the mean line and the lowest point 
within the sample. It is the maximum data point height below the mean line through the 
entire data set. Available for profile and areal data. See Rp. 
 Rp – Highest peak valley. The maximum distance between the mean line and the 
highest point within the sample. It is the maximum data point height above the mean 
line through the entire data set. 
 Ry – Maximum peak-to-valley roughness. The vertical distance between the top of the 
highest peak and the bottom of the deepest valley within the sampling length. It is the 
maximum of all the peak-to-valley values. 
 Rt – Total height of the roughness proﬁle: Sum from the height Zp of the highest proﬁle 
peak and the depth Zv of the lowest proﬁle valley within the measured length ln. 
 Rsk – Skewness: a measure of symmetry of the profile about the mean line. Negative 
skew indicates a predominance of valleys, while positive skew indicates a “peaky” 
surface. Bearing surfaces should have negative skew. 
 Rku – Kurtosis. It is a measure of the randomness of heights, and of the sharpness of a 
surface. A perfectly random surface has a value of 3; the farther the result is from 3, the 
less random and more repetitive the surface is. Surfaces with spikes have a higher 
value of Kurtosis; bumpy surfaces have a lower value.  Available for profile and areal 
data. 
Since these parameters reduce all the information in a profile to a single number, great care 
must be taken in applying and interpreting them. 
 
A summary table of parameters, definitions and formulation for the most important 
parameters follows below:  
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PARAMETER DEFINITION FORMULA 
Ra Arithmetic average of absolute 
values 
 
Rq, RMS Root Mean Squared 
 
Rz, Rtm Average distance between the 
highest peak and lowest valley in 
each sampling length6  
Where  is the number of sampling lengths, and is 
for the sampling length. 
RZIJS Ten-Point mean Roughness 
 
Ry Maximum peak to valley 
roughness  
Rt Maximum Height of the Profile  
Rsk Skewness 
 
Rku Kurtosis 
 
Table 1: Roughness parameters and formulation7 
Note: Each of the formulas listed in the table relate to the Roughness profile therefore the 
prefix R. 
The roughness profile contains n ordered and equally spaced points along the trace, and yi 
is the vertical distance from the mean line to the ith data point. Height is assumed to be 
positive in the up direction. 
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4.4.1. Practical Effects 
In terms of engineering surfaces, roughness is considered to be detrimental to performance. 
As a consequence, most manufacturing prints establish an upper limit of roughness, but 
not a lower limit.  
An exception is in cylinder bores where oil is retained in the surface profile and a minimum 
roughness is required. This is the original case of the present study or project. 
Roughness is often closely related to the friction and wear properties of a surface. A surface 
with a large Ra value, or a positive Rsk, will usually have high friction and wear quickly. The 
peaks in the roughness profile are not always the points of contact. The form and waviness 
(i.e. both amplitude and frequency) must also be considered. 
4.4.2. Evaluation of Roughness Measurements  
Roughness measuring values, especially the vertical parameters (the amplitude 
parameters) Rt, Rz, Rz1max and Ra, have a spread between -20 % and +30 %. A single 
measuring value can therefore not provide a complete statement concerning the 
observance of the accepted parameter tolerances8.  
DIN EN ISO 4288 Appendix A speciﬁes the following procedure:  
Max-rule 
All roughness parameters with the addition “max“ as maximum value of the average value 
from the ﬁve single measured lengths: measurement at least three points on the surface 
where the highest values are to be expected; the limit value must not be exceeded at any 
point.  
16 % rule  
All roughness parameters without the addition “max’’ as mean value from the ﬁve single 
measured lengths:  16 % of the measuring values may exceed the limit value;  step-by-step 
procedure:  
1. If the ﬁrst measuring value is smaller than 70% of the limit value the latter is 
considered to be observed.  
2. Otherwise two further measurements at other points on the surface; if all three 
measuring values are smaller than the limit value, the latter is considered to be observed.  
3. Otherwise nine further measurements at other points on the surface; if no more than 
two measuring values exceed the limit value, the latter is considered to be observed. 
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4.5. Cut – Off or λ and Evaluation Length 
The removal of wavelengths from the primary curve by passage through a filter is called 
"cut-off ", and the wavelength that is the branch point between roughness components and 
waviness components is called the "cut-off value".  
Cut-off for roughness or filter is usually designated as λs, which is the cut-off for short 
wavelength.  
Note that through this paper, the cut-off will be referred to in both ways, indistinctly, which 
are with the Greek λ or with the Latin l. 
In addition, λc and λf stand for medium wavelength cut-off and long wavelength cut-off 
respectively. 
 
Illustration 7: Amplitude Transfer Ratio vs. Wavelength9 
In basic terms, a cut-off is a limit for a filter used as a means of separating the wavelengths 
of a component. Cut-offs have a numerical value which when selected, reduces or removes 
the unwanted wavelengths in a profile.  
For example, a roughness filter cut-off with a numeric value of 0.8 mm will allow 
wavelengths below 0.8 mm to be assessed with wavelengths above 0.8 mm being reduced 
in amplitude: the greater the wavelength, the more severe the reduction. For a waviness 
filter cut-off with a numeric value of 0.8mm, wavelengths above 0.8 mm will be assessed 
with wavelengths below 0.8 mm being reduced in amplitude. 
A proper selection of the correct filter cut-off in an algorithm or in software is critical to 
acquire accurate measurements in further parameters of roughness, for example. 
According to ASME B46.1 standard and ISO 4288:1997, the value of the cut-off has to be 
chosen depending on the roughness of the surface, and these relations are well stablished 
between Ra, arithmetic average of absolute values, and the value of lc.  
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Below, Table 2 shows this correlation:  
Ra (µm) lc (µm) 
0,006 to 0,02 0,08 
>0,02 to 0,1 0,25 
>0,1 to 2 0,8 
>2 to 10 2,5 
>10 to 80 8 
Table 2: Recommended Cut-Off10 
After the data has been filtered with a cut-off, it is then sampled. Sampling is done by 
breaking the data into equal sample lengths. The sample lengths have the same numeric 
value as the cut-off. These lengths are chosen in such a way that a good statistical analysis 
can be made of the surface.  
Therefore, the single measured length, lr, corresponds to the cut-off wavelength λc of the 
proﬁle ﬁlter. 
λc = lr     11 
And the evaluation length, ln, on the other hand, consists of five sampling lengths, lr, 
according to ISO 4287. That is to say that, in most cases, five sample lengths are used for 
analysis. 
5 ∗ λc = 5 ∗ lr = ln 
If the number of sampling lengths within the evaluation length differs from 5, the default 
number, that number must be indicated by the designation of the relevant parameter 
according to UNE EN ISO 1302. 
As a result, it is only necessary to calculate the parameters on the designed evaluation 
length. However, this is not so simple because the surface itself does not necessarily 
measure this value exactly. As seen in the previous paragraph, it can measure less, or, on 
the other hand, it can measure more, which is perfectly normal.  
In this case, as seen on Illustration 8: Evaluation and Sample lengths, the analysis will leave 
out what will be called lv and lm, which represent ‘waste’ of the study. 
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Illustration 8: Evaluation and Sample lengths 
Note that in Illustration 8: Evaluation and Sample lengths, the average wavelength cut-off, 
lc, is expressed as le. It is concluded that there are different ways of calling the same 
parameter. 
4.6. Filtering 
4.6.1. What are Filters? 
In general, a filter is a program that accepts a certain type of data as input, transforms it in 
some manner, and then outputs the transformed data. For example, a program that sorts 
names is a filter because it accepts the names in unsorted order, sorts them, and then 
outputs the sorted names.12 
However, in the subject matter hereof, filters are electronic or mathematical methods or 
algorithms which separate out different wavelengths and allow to see only the interested 
wavelengths. That is to say, a filter separates a signal into various regimes. 
ISO regulation regarding filters and filtering which have been addressed are: 
 ISO 11562 Surface texture: Profile method – Metrological characteristics of phase 
correct filters 
 ISO 16610-21 Filtration – Linear profile filters: Gaussian filters  
 ISO 16610-28 Filtration – profile filters – End effects 
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4.6.2. Types of Filters 
Early measuring instruments used analogue filters. These type of filters are also known as 
2CR filters, which means two capacitors and two resistors. These analogue filters, although 
still accepted and recognized by international standards, do suffer from phase distortion 
caused by the nature of their electronic components.  
To remove this effect, it exists another type of filter called a 2CR PC filter. The PC in this 
case stands for phase corrected. This type of filter suffers from less distortion than the 2CR 
but it is still an electronic filter and, as such, still suffers from distortion. 
Modern instruments use phase correct filters such as the Gaussian filter. These types of 
filters drastically reduce filter distortion, although they can only be implemented where 
filtering is done by mathematical algorithms: computer based processing. 
On most modern computer-based instruments, analogue filters are digitally simulated so 
that correlation between new and old instruments can be made. 
Robust Filters 
An improved version of filters is the robust filters, tolerant against outliers. There are two 
types of robust spline filters: non-periodic robust filters for filtering open profiles and periodic 
robust filters for closed profiles. Since robust spline filters are non-linear, the weighting 
function cannot be given. The filter equation for both kinds of robust spline filters is specified 
in ISO 16610-813.  
Another robust filter that has been proposed is the Robust Regression Gaussian Filter, the 
definition for which can be found in ISO 16610-1014. With its regression approach and 
robust algorithm this filter evaluates measured surface profiles without loss of data in the 
marginal sections. 
A robust filter has its mean line correctly following the general trend of the profile without 
being disturbed by outliers.  
4.6.3. Gaussian Filter15 
The Gaussian filter has been recommended by ISO 11562 standard in 1996 and ASME 
B46-1995 standard for determining the mean line in surface metrology. 
All formulation below has been taken from ISO 11562:1996. 
The Gaussian filter has the convenience of being easily realized, with high accuracy, high 
efficiency and without phase distortion.   
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Its weighting function is given by Equation 4: 
 
Equation 4: Gaussian filter weighting function 
Where α = 0.4697, t is the independent variable in the spatial domain, and λc is the cut-off 
wavelength of the filter (in the units of t).  If we use x (t) to stand for the primary unfiltered 
profile, m (t) for the Gaussian filtered mean line, and r (t) for the roughness profile, then: 
 
Equation 5: Gaussian filtered mean line 
And, 
 
Equation 6: Roughness profile by subtraction 
Where the asterisk (*) represents the operation convolution of two functions.  Therefore, 
the key issue is how to calculate the mean line m (t). This mean line actually represents 
the vector of the Waviness profile. 
Properties 
An important property of Gaussian filter is its linear phase, which is a major advantage over 
2RC filter. Also, the filter is designed to have 50% transmission at the cut-off. This allows 
the calculation of waviness by simply subtracting the roughness from the raw profile, as 
seen in Equation 6: Roughness profile by subtraction, another important improvement over 
the 2RC filter.16 
Robust Gaussian filters 
While the Gaussian filter is an improvement over the 2RC, there are still several issues with 
the use of this filter. Edge effects prevent the use of the first and last cut-off. This filter also 
performs poorly on profiles with deep valleys such as the ones found in this precise project. 
The Robust Gaussian Regression Filter, the RGRF, is the preferred choice for structured 
surfaces, stratified surfaces and in presence of form, grooves or pores. In particular, it is a 
good replacement for and improvement on the double Gaussian filter that is defined in ISO 
13565 – 1, formerly DIN 4777. 
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Below, in Illustration 9: Gaussian filter (left) vs. Robust Gaussian filter (right), it is noticeable 
how the Gaussian filter is disturbed by local discontinuities while the Robust Gaussian 
Regression Filter is not. 
 
Illustration 9: Gaussian filter (left) vs. Robust Gaussian filter (right)17 
The density of colours express the value of roughness or surface heights, in a scale from 
red to dark blue, where red is the highest value. Note the differences and how in the right 
image, the surface has been softened. 
The Robust Gaussian Regression Filter is an iterative algorithm that calculates local 
weights based on the distance between the Primary profile and the Waviness profile. 
The complexity associated to the calculations involved in the Robust Gaussian Regression 
Filter and to the algorithm development has limited the use of it as a tool to evaluate 
roughness in this project. 
An example of the imprecision of the Gaussian Filter can be seen below in Illustration 10: 
Imprecision in the Gaussian filter, which is, precisely, a result of a sample in the project. 
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Illustration 10: Imprecision in the Gaussian filter (Own Source) 
Note that all three circles stress nearly exaggerated imprecision that can, in future, after 
calculations and precision of roughness parameters and waviness. 
More information regarding Robust Gaussian Regression Filter can be found in ISO/TR 
1661-10 or in US Patent US 7461112 B218. 
As a result of the understanding of robust filtering, it is thought by the author that a better 
filter can be the cause of a great optimisation of the project, linked to the improvement of 
the waviness profile. For more information on filters, see below in Conclusions of the 
project. 
4.7. Convolution Method 
As already seen on Equation 5: Gaussian filtered mean line, the obtaining of the Gaussian 
filtered mean line, or what it turns out to be the Waviness Profile, is done with the 
convolution. 
Convolution, it is said, is the most important and fundamental concept in signal processing 
and analysis. By using convolution, it be can constructed the output of a system for any 
arbitrary input signal, if the impulse response of a system is known.  
A convolution is an integral that expresses the amount of overlap of one function g as it is 
shifted over another function f. It therefore "blends" one function with another. 
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Illustration 11: Convolution of two boxcar functions19 
In Illustration 11: Convolution of two boxcar functions, an example can be seen.  In the plot, 
the green curve shows the convolution of the blue and red curve as a function of t, the 
position indicated by the vertical green line. The grey region indicates, as seen in Equation 
7: Convolution integration, the product g(τ) f(t- τ) as a function of t, so its area as a function 
of t is precisely the convolution.  
One feature to emphasize and which is not conveyed by this illustration (since it exclusively 
involves symmetric functions) is that the function g must be mirrored before lagging it 
across f and integrating. 
Abstractly, a convolution is defined as a product of functions f and g that are objects in the 
algebra of Schwartz functions in Rn. Convolution of two functions f and g over a finite 
range [0, t ] is given by the following equation: 
 
Equation 7: Convolution integration20 
In this project, the convolution method is done to obtain the Gaussian mean line, as 
explained in Equation 5: Gaussian filtered mean line. 
The convolution method, explained below how it is done in coding, results in the Waviness 
profile by convoluting the primary profile and the filter created form the cut-off value ‘limit’. 
This will be better defined inside paragraph 5. Approach and Design of the Algorithm in 
Matlab Platform in subsection 5.4.6. Filter hvec and Convolution Function, where the theory 
is applied to the practice. 
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5. Approach and Design of the Algorithm in Matlab 
Platform 
In this project, the program used to code and execute each function or algorithm has been 
Matlab R2014a (8.3.0.532) Student Version, 64 bit., for Windows 8.1 And, therefore, the 
project algorithms have been coded in Matlab programming language. 
5.1. Introduction to the Algorithm 
In this section, the overall structure of the algorithm will be explained, giving emphasis to 
the goals in each part but making no reference to coding. Vocabulary is introduced and the 
reason for each function is broken down. 
To start off, the algorithm of the project, programmed and executed, consists on one 
principal script and ten subsequent functions, each specified for a certain calculation.21  
The main function of the algorithm is to basically read from an input a Real Surface profile, 
and via designated filters that are calculated and extracted from each profile properties, 
generate a distinction between the Waviness Profile and the Roughness Profile which are 
both integrated in the original profile. 
To finish, the algorithm gives main properties of the Surface relating only to Roughness and 
plots all data for visual analysis. 
Below it is shown a visual outline of the algorithm22. 
 
 
 
 
 
 
 
 Illustration 12: Visual outline of algorithm 
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The algorithm can be structured or summarized in six or seven different parts. These parts 
are explained most extensively in the structure below simplifying the algorithm for good 
comprehension as following: 
 
Illustration 13: Structure of Algorithm 
These parts with the basic vocabulary of the algorithm and functions are explained in the 
following points.  
5.1.1. Part 0: Change to Convenient Data Format for reading 
The first ‘part’ or part zero of the realisation of the algorithm is outside programing. It is just 
a question of how Matlab reads the inputs which are outside documents. 
Files with extension .txt (.txt files in future) come given as shown in Illustration 14: Original 
delimited data. 
 
Illustration 14: Original delimited data 
However, Matlab programming does not understand these two columns of numbers, that is 
to say, numbers separated by a semicolon and with a decimal delimiter such as the coma. 
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Therefore, it needs to be changed and it is done in a rudimentary way via Notepad 
application from Microsoft Windows; a way of converting this input to readable data could 
be: 
Edition>Replace 
In the new window, comas have to be changed into points and semi-colon into comas. It is 
a simple procedure inside this Microsoft Software but it turns out of great use.  
Data for analysis and reading in Matlab result as shown in Illustration 15: Readable Input 
Data. 
 
Illustration 15: Readable Input Data 
The obtained data is expressed in the units following: 
- Column one, which is the vector for horizontal values, xvec, is expressed in 
millimetres.  
- Column two, which are the heights or vectors yvec1; numbers are 
expressed in micrometres. 
Note that if values entering the algorithm are not expressed in these units, the algorithm will 
not work correctly, assuming this units explained above. 
5.1.2. Part 1: Obtaining Primary Profile 
Obtainment of the Raw, Measured or Gross Profile (G Profile) from a given .txt file is done 
by simply reading the file given and located in a determined folder in the computer. 
In-library functions from Matlab are used for this purpose. 
However, once the x and the y-axis vectors are obtained, the algorithm proceeds to a first 
and clarifying calculation: a function returns a vector of the heights without slope. This is 
called throughout the program horizontalisation23. By external reasons, the original data in 
the .txt file results in a surface profile with aggregated slope. This aspect makes further 
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studies difficult and it is not real. The first vector is called yvec1 in the algorithm and it is 
then transformed into the vector yvec2 by making it horizontal.  
The yvec2 is the vector of the Primary Profile. 
5.1.3. Part 2: Obtaining Py and First lc 
Once the Primary Profile is obtained, one proceeds to calculate the first parameter, Py or 
Pz24, which is the maximum height of the primary profile (vertical distance between the 
highest and the lowest points).  
The first value of the cut-off is obtained from Table 3: Correlation between Py and lc. 
This table references in the project non-periodic profiles. In ISO 4288:1998, lc values are 
also given regarding other parameters for periodic profiles and will be used in the future. 
It is the first step in order inside the basic function of the algorithm, the iteration. It can be 
taken as the first premise from which to start. 
Py (µm) lc0 (mm) 
… <= 0.1 0,08 
0.1 < ... <= 0.5 0,25 
0.5 < ... <= 10 0,8 
10 < ... <= 50 2,5 
50 < ... <= 200 8 
Table 3: Correlation between Py and lc.25 
5.1.4. Part 3: Obtaining Filter and First R and W Profiles 
The first value of the cut-off length is then used to conform the filter, called hvec. This value 
of the lc is known as lc seed or also lc0.  
The filter in the algorithm, specifically in function calcrw.m, is designed to be centred in the 
middle of the horizontal length of the sample. It is then applied to yvec2, the horizontal 
surface profile, to obtain the first heights of the roughness profile and the waviness profile, 
yvecr and yvecw respectively. 
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5.1.5. Part 4: Iteration 
The iteration procedure is the main part in the algorithm. 
With the first heights of yvecr and yvecw the next milestone is to iterate. This process is as 
follows: 
 The first step is to calculate the value of Ra for the first heights, this is, of the 
yvecr vector. 
 According to Table 4: Recommended cut-off, the determined value of the 
cut-off length is then selected regarding the value of Ra. 
 It is then proceeded to the calculation of the filter, hvec, and of the new 
heights for yvecr and yvecw, with the new cut-off length, lc. 
 Recalculation of Ra from yvecr vector follows. 
 Once again, according to Table 4: Recommended cut-off for values of Ra, 
a new value of the cut-off length is obtained. 
 If this new value of cut-off is equal to the previous one, the iteration ends. If 
it is not equal to the previous cut-off, the iteration continues until this premise 
becomes true. 
 
Ra (µm) lc (µm) 
0,006 to 0,02 0,08 
>0,02 to 0,1 0,25 
>0,1 to 2 0,8 
>2 to 10 2,5 
>10 to 80 8 
Table 4: Recommended cut-off for values of Ra26 
Note that in Part 2, the value of the cut-off comes from a parameter of the Primary profile 
whereas in Part 4, it comes from a parameter of the Roughness profile: Py versus Ra. 
Also note that iteration will be done in the algorithm a finite and defined number of times. 
The iteration is made as follows: 
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Illustration 16: Graph of iteration in part 4 
5.1.6. Part 5: Final Values and Roughness Parameters 
Once the final value of the cut-off, lc, is obtained and the final values of yvecr and yvecw 
vectors are calculated via the convolution method with the last filter, hvec, the algorithm has 
nearly arrived to its end. 
To finish, the roughness parameters are calculated and the plots are printed out. 
The non-filtered profile, P or Primary profile, has all the irregularities. In contrast, a filtered 
profile for roughness does not contain the waviness irregularities, allowing to calculate Rz, 
Rmax, Ra and Rp parameters.  
For a Waviness profile, the roughness is taken off, but no parameter will be calculated in 
this project, although perfectly possible. 
5.2. Abstract of the Algorithm 
The complete algorithm is composed by one main script, Profiles.m, and ten sub-algorithms 
called functions. 
These are, in order of use throughout the development of the algorithm, the functions used 
(without the .m extension): 
- makevec 
- ismequaltozero 
- calcry 
- calcrw 
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- cutfunc 
- calcite 
- calcint 
- calcrarq 
- valralc 
- roughclass 
In Illustration 17: Graph summary of functions in Algorithm, a full summary is done of the 
algorithm, relating each function with its caller. 
 
Illustration 17: Graph summary of functions in Algorithm 
(*) Note that calcite.m is the iterative function. This is to say that, according to some values, 
it will call itself repeatedly until a defined condition becomes true. 
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5.3. Outline of the Algorithm 
Throughout this section, all functions are explained in a graphic manner, using a kind of 
Gantt Diagram. This is a visual and mental outline of what each function realises, what 
values enter each function, what values are outputs and which calculations should each 
function do. No code is explained yet but the idea is there. This is basic to overcome the 
code and the sense of the algorithm, disaggregated in simpler functions.  
 
The legend of the outline is as follows: 
 
 
 Arrow pointing into the algorithm: Inputs from other functions, from keyboard or from 
elsewhere. 
 Arrow pointing outside the algorithm: Data outgoing: display, print, plot, etc. on 
screen. 
 Arrows pointing into and outside the algorithm: Outgoing and ingoing data at once. 
Also signifies entering of data to function. 
 Circle: Operation of importance. 
 Rhombus: Main operation of function or operation of higher importance. 
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Profiles.m 
 
Illustration 18: profiles.m outline 
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Makevec.m 
 
Illustration 19: makevec.m outline 
 
Ismequaltozero.m 
 
Illustration 20: ismequaltozero.m outline 
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Calcry.m 
 
Illustration 21: calcry.m outline 
 
Calcrw.m 
 
Illustration 22: carlcrw.m outline 
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Cutfunc.m 
 
Illustration 23: cutfunc.m outline 
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Calcite.m 
 
Illustration 24: calcite.m outline 
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Calcint.m 
 
Illustration 25: calcint.m outline 
 
Valralc.m 
 
Illustration 26: valralc.m outline 
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Roughclass.m 
 
Illustration 27: roughclass.m outline 
 
Calcrarq.m 
 
Illustration 28: calcrarq.m outline 
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5.4. Explanation of Functions 
In this section, all functions are going to be explained. Code plays a crucial role in the project 
and therefore, it represents an important part in this paper. Each function is explained 
referencing to how it is coded with Matlab. 
5.4.1. Reading Text Files 
In the first part of the structure, as explained in 5.1.2. Part 1: Obtaining Primary Profile, the 
algorithm reads data from an outside file: a .txt document located in a known folder. 
The function makevec.m, which signifies make vector, has the task to go to the determined 
folder and open a desired file. The folder to go to is already pre-established; however, if this 
folder appears to not exist in the computer, it will automatically open the current folder in 
which Matlab is working.27 
Once in the required folder, the user is asked to open the file to analyse. It should be a .txt 
file. 
The function, with the file known, of first displays a message indicating if the opening of the 
file has been successful or not. Once it is successful, it scans the data to convert it into two 
vectors, which will be called xvec for the horizontal values and yvec1 for the heights of the 
surface in study. These vectors are directly saved into Matlab. 
If the opening is not successful, the program will be closed automatically and an error 
window will be displayed in the Matlab Command Window. 
The format of the numbers read by the function is as shown in Illustration 29: Format reading 
in makevec.m. 
 
Illustration 29: Format reading in makevec.m 
Fid is the name of the document opened and '%f %f %f %f %u8 %f' is the way it is read 
according to the texscan specifiers by Matlab. 
An example of data to be read is Illustration 30: Example of data in a .txt file. 
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Illustration 30: Example of data in a .txt file 
Once the file is opened and read, the first column of the C matrix is called xvec and the 
second column is called yvec1. 
Note that fid is closed after being read. 
As already mentioned above, numbers in column one, which are the xvec vector for 
horizontal values, are expressed in millimetres whereas in column two, heights or yvec1, 
are expressed in micrometres. 
5.4.2. To Make a Plot Horizontal 
Continuing in paragraph 5.1.2. Part 1: Obtaining Primary Profile, it is proceeded to the 
‘horizontalization’.  
The process of making the raw profile into a horizontal plot is not in itself a function but 
deserves to be explained. This modification is of high importance to all the calculus that 
need to be made to the surface heights in order to arrive to the proper solution and results. 
In the first place, the yvec1 which has been created by the previous function, makevec.m, 
is studied and approximated to a grade 1 line (linear regression). The function used for this 
comes standard in the Matlab library. The call is shown below. 
 
Illustration 31: Use of polyfit and polyval functions from Matlab 
To proceed, the slope and the intercept of the linear predictor are calculated. With function 
polyfit, below it is shown how slope and intercept come as standard: 
- Slope becomes p(1) 
- Intercept becomes p(2) 
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If the slope is different to zero, one proceeds to subtract each value of the height of the 
original signal, yvec1, to each value of yfit. 
The result then is yvec2, with slope near or equal to zero. 
If the slope is close to zero or exactly zero, yvec2 results directly on been yvec1. 
In second place, to verify that yvec2 is horizontal, a call to the function ismequaltozero.m is 
made to return if the new slope is or not equal to zero, with a certain interval of tolerance, 
of around 95%. 
5.4.3. Calculus of Py and First lc 
To continue, now in Part 2 of the structure, the algorithm calculates the first parameter: Py. 
The function that calculates either Py or Ry is called calcry.m, which signifies Calculation of 
Ry. It works correctly for any profile either been the primary or the roughness profile. 
This function receives both vectors, the horizontal and the heights, and an extra value which 
is the n. N determines how many different intervals the horizontal vector has been divided 
into. This may seem trivial, but it is the way to differentiate between the calculus of Ry and 
of Py. 
 
Illustration 32: Calculation of Ry or Py 
Note that in the algorithm effectively no discrimination is done for Ry and Py. 
Py 
In this case, n equals to 1, meaning that there is only one interval. Py will be therefore the 
maximum value of yvec, plus the absolute value of the minimum value of yvec throughout 
the whole horizontal. 
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Ry 
On this occasion, n will be higher than one, meaning that there are some intervals on the 
horizontal. Ry will result on the average of the Py, to say it some way, of each interval. 
5.4.4. Iteration for lc Value 
Steping to part 4: Calcite.m is the function in charge of the iterative process. As already 
mentioned, it is the most important part of the whole process. This function’s name signifies 
Calculation via iteration. 
The function is designed to receive the cut-off value, the horizontal vector, the height vector 
and the iteration value, ite. 
At first, the value entered for cut-off is lc0, obtained from Py, and of course, ite equals to 
zero. 
The roughness profile and the waviness profile are calculated by means of another function, 
calcrw.m, called from calcite.m. When the first yvecr vector is obtained, that is, the first 
vector of the Roughness profile, after selecting the intervals of calculation explained below 
in 5.4.5. Calculus of Intervals of Data to Study, a first and not confident value of Ra is 
obtained. 
With this, the iteration starts. Following tables and norms, the second value of the cut-off is 
obtained, called now lc. Because lc0 is not completely trustworthy, there is a new calculation 
of the value Ra and therefore lc, designated lc’. 
Once there are two values of lc, it is proceeded as shown in Illustration 33: Iterative 
procedure. In the algorithm, lc is referred to as lc1 and lc’ as lc2: 
 
Illustration 33: Iterative procedure 
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Note that the first lc obtained as a seed from Py, lc0, called directly in this function as lc1, 
will never make the iteration finish if equal to lc2. Note also that the number of iterations 
made, as maximum, is four. 
This function returns final values of lc, yvecr and yvecw. 
5.4.5. Calculus of Intervals of Data to Study 
The calculation of intervals of study is basic in the analysis. This enters parts 2 and 3. The 
theory applied to this code relates to Illustration 8: Evaluation and Sample lengths, where it 
is shown which parts of the sample are studied and which ones are left as residues.  
In the calculation of intervals, as already mentioned above in the theory (4.5. Cut – Off or λ 
and Evaluation Length), the lc plays a very important role. 
In the function used to separate or indicate these intervals, which is called calcint.m, and 
signifies Calculation of intervals, the first step is to calculate the total length of the horizontal 
surface, lt, as is expressed in millimetres. 
After that, it is designated that two thirds of lt minus lv, is the residual start part of the 
interval.28 
 
Illustration 34: lt and residual start part, lv 
With this, it is proceeded to the calculation of the lv value in position i in the vector. 
To calculate the residual end part, it is proceeded equally for the first value higher than lv + 
ln and so on to arrive to the maximum value. This residual end part is called lw, and 
represents: 
 
Equation 8: Value of lw residual part 
5.4.6. Filter hvec and Convolution Function 
The most important value to be obtained in the algorithm is, without any doubt, the cut-off 
value. On this basis, everything can be done, therefore, it is very important to correctly fulfil 
this task. The filter and the values of lc are included in the iteration, which is part 4. 
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Once the value of lc is correct, the algorithm can proceed to filter the horizontal profile, 
known by now as the Primary profile. As explained in 4.6.3. Gaussian Filter, it is with the 
cut-off value with which the filter is obtained. The filter will be addressed to as hvec from 
now on. 
The creation of the filter is allows obtaining other final profiles. 
According to Gaussian filtering, hvec results on the formulation shown on Illustration 35: 
Creating hvec: 
 
Illustration 35: Creating hvec 
In lines 5 and 6, hvec and an auxiliary vector xvecesp are created. ‘A’ becomes the distance 
between readings on the horizontal axis. And ‘a’ is the Gaussian constant. 
Note that in Matlab there is a difference between capital and non-capital letters for variables. 
The filter is created in lines 10 to 13. This code follows theory from Equation 4: Gaussian 
filter weighting function which is repeated below: 
 
As explained in the theory, hvec is centred in the middle of xvec. This can be observed in 
line 11 of the previous illustration with the help of the auxiliary vector (Note the comment: 
%To centre the filter). 
The auxiliary vector is actually used, instead of the xvec, to create the filter. 
In line 14, hvec is reduced to a 0 to 1 scale in the y-axis. 
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All this calculations are done in calcrw.m, which signifies Calculation of Roughness and 
Waviness. In addition, in the same function, the yvecw is calculated with the convolution as 
shown below.  
 
Illustration 36: Convolution to obtain yvecw 
To finish, calcrw.m proceeds to calculate the roughness profile by subtraction; it is not as 
simple as shown in Illustration 37: Simple obtaining of yvecr by subtracting. 
 
Illustration 37: Simple obtaining of yvecr by subtracting 
Due to complications of sign regarding positive and negative values, two vectors work as 
auxiliary, these are: 
 
Illustration 38: Auxiliary vectors 
Note that num is a number defined as following which has the task of moving up both plots 
to facilitate a normal subtraction. 
 
Illustration 39: Auxiliary number num 
Num elevates both plots exactly the maximum value of pick-to-valley from both yvec and 
yvecw in the y-axis. 
The subtraction becomes simply: 
 
Illustration 40: Correct obtaining of yvecr 
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5.4.7. Final Properties 
To finish, in part 5 of the algorithm’s structure, it is calculated with the function calcrarq.m 
the properties related to the roughness profile such as the Ra and the Rq (as the name of 
the function suggests). The heart of the code looks like this: 
 
Illustration 41: Calculation of Ra and Rq 
As a reminder, below are the formulas for Ra and Rq, which can be appreciated in the 
algorithm in lines 35 and 39 for the Arithmetic mean and in lines 36 and 40 for the Average 
Groove Width: 
 
Equation 9: Formulation of Ra 
 
Equation 10: Formulation of Rq 
This calculation of Ra and Rq only applies to the intervals of study, excluding the residues. 
This is done by creating the vector xvecln. There are two cases: 
 n = 0 
 n != 0 
Being ‘n’ the number of different intervals created which are sampling lengths. This is due 
to the fact that ‘n’ can be equal to zero when lc has not been yet calculated signifying that 
the algorithm is actually calculating this parameters for a Primary Profile. 
This is actually erroneous but helps understanding the surface and gives an introduction to 
the profile. 
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As a result, the first case will be: 
 
Illustration 42: Intervals when n = 0 
And the second case, a bit more complicated, as shown below: 
 
Illustration 43: Intervals when n!=0 
5.4.8.  Final Profiles Differentiated 
The Primary proﬁle is the proﬁle after low-pass ﬁltering the measuring values using the cut-
off wavelength λs29. In doing so, the short-wave proﬁle parts are cut-off.  
The parameters are identiﬁed by P, as already mentioned, and evaluated within the 
sampling length30. This equals the measured length or the length of the measured surface 
proﬁle. 
The Roughness proﬁle results from high-pass ﬁltering the Primary proﬁle with the cut-off 
wavelength λc. In doing so, the long-wave proﬁle parts are taken away or ‘cut-off’. The 
parameters obtained are identiﬁed by R and evaluated over the measured length ln. This 
length is usually composed of ﬁve single measured lengths lr, as already mentioned in 4.5. 
Cut – Off or λ and Evaluation Length. 
The Waviness proﬁle results from low-pass ﬁltering the primary proﬁle with the cut-off 
wavelength λc and high-pass ﬁltering with the cut-off wavelength λf. The parameters are 
identiﬁed by W and evaluated over the measured length ln. The single measured length lw 
corresponds to the cut-off wavelength λf of the high-pass ﬁlter. However, their number is 
not standardized. It should range between ﬁve and ten. Proﬁle ﬁlters λc and λf are applied 
successively.  
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Illustration 44: Example of differentiated profiles 
Note that the Waviness proﬁle always results from application of both ﬁlters or a simple 
subtraction of Roughness profile to the Primary profile, which is the case in this project, 
thanks to Gaussian filtering properties. 
The information above has been extracted from EN ISO 4287. 
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6. Software Executing and Results 
6.1. Starting the Algorithm in Matlab 
The first step is to introduce the name of the main algorithm in Maltab. 
 
Illustration 45: Command Window in Matlab31 
It is fundamental that Matlab has its current folder, as shown below, where the program is 
located, that is both main algorithm and all functions. 
Note that, to call the program, the name of the main algorithm has to be written without the 
extension .m. 
 
Illustration 46: Current Folder and Algorithms 
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To begin, the program asks for the file that the user wants to study. A folder is already 
predetermined inside the code of the algorithm; however, if this folder does not exist, the 
folder where the functions are will be opened. 
Once the file is selected, the algorithm starts. 
While the algorithm realises some calculations, a window comes up asking how the data 
should be plotted. Either all in one plot, in separated plots, or both. The window is shown 
below. 
 
Illustration 47: Plot all Data together or not 
The result of the algorithm profiles.m printed in Matlab for a randomly selected file, B4-5.txt 
in this case, is the following: 
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Illustration 48: Results of B4-5 in Matlab 
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6.2. First print: Original Data vs. horizontal data 
A very important part of the algorithm regarding analysis and study of results is the printing 
of plots. 
To start off, the algorithm is coded to print the original data, which is the measured data, 
compared to the Primary Profile (after the process of making the plot horizontal). The result 
in a plot is shown in Illustration 49: Measured data vs. Primary data. 
 
Illustration 49: Measured data vs. Primary data 
As shown in the legend, the original or measured data is in red and the horizontal data is 
represented in green. The Primary profile or the horizontal data is in all plots printed in 
green. 
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6.3. From cut-off to hvec filter 
Once the cut-off value is calculated via iteration, it is proceeded to create the filter. 
 
Illustration 50: hvec filter 
The filter used in Matlab applied to the Primary profile can be seen above in Illustration 50: 
hvec filter. This plot is also printed out by the program in Matlab. 
Note that the filter is centred in approximately 2.5 mm and is compressed in 0 to 1 length. 
2.5 mm is a particular characteristic of the sample; in general, the filter is centred in the 
middle of the horizontal length, xvec, as already mentioned in sections above. 
6.4. Final Results: yvecw and yvecr 
Once applied the filter hvec to the primary profile, profiles.m asks the user if he or she wants 
all data in one plot or not. This is shown above in Illustration 47: Plot all Data together or 
not, giving the option of having all plots together, separated, or both.  
Below is all data printed out. It appears firstly all together in the same graph and following 
all plots separated in three graphs. 
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All resulting profiles together in the same plot: 
 
Illustration 51: All data in one Plot 
All resulting profiles differentiated in three different plots: Primary Profile, Waviness Profile 
and Roughness profile, in this order. 
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Illustration 52: Primary Profile 
 
Illustration 53: Roughness Profile 
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Illustration 54: Waviness Profile 
6.5. Parameters of yvecr¸ the R Profile 
The algorithm prints not only the plots as outputs, also, it prints in the Matlab Command 
Window, information regarding the calculations and of course, regarding the surface 
properties. This information gives knowledge of what the paces of the algorithm are an also 
gives important parameters, such as the Pa, Pq and Py, all properties of the Primary profile. 
 
Table 5: Parameters for P Profile 
The algorithm also gives the class of roughness, from 0 to 12.32  
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When the final Roughness profile or final yvecr vector is obtained, the algorithm proceeds 
to calculate the roughness parameters. This is one of the most important objectives of the 
project. 
These values are printed out in Matlab and for the case given, B4-5.txt, these are:  
 
Table 6: Parameters for R Profile 
It is important to understand the differences between the Pa of the Primary profile and the 
Ra of the Roughness profile. Logically these two values are different and for the Primary 
profile, the arithmetic average is smaller. 
6.6. Closing Algorithm 
To end, with all calculation been made and no more properties to be analysed, some 
questions are asked related to saving and printing plots and data. This exceeds calculations 
and only facilitates closing and obtaining the information in other formats: 
 
Illustration 55: Saving Data 
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Illustration 56: Saving Plots 
Arrived to this point, the algorithm and program opens the last window: it asks whether the 
user would like to continue working with the program or, on the contrary, it wises the 
program to close itself. 
Note that all data in Matlab will be saved on the Work Space and the Command Window 
after selecting the option Finish and throughout the development of the program. 
 
Illustration 57: New profile or close algorithm 
Here, the algorithm can finally be called finished and complete.  
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7. Environmental Impact 
The impact this project has on the environment is of difficult calculation always been rather 
small. 
This paper has no external effect other than the energy consumption of PCs used to 
execute the program.  
The average time of execution is of 12.571 seconds of one sample33. 
It has an application that can, of course, have an impact, and severe, in the environment. 
This program or code has a direct application in fabrication and production. This matter will 
not be studied in this paper because it escapes the extent of the project, but it is, for 
example, of great importance how a piston in the department of Thermal Engines and 
Machines, can decrease its friction with the cylinder increasing, in the long term, life of 
automobiles, and reducing costs, material, etc. counting as well the energy loss with this 
friction. 
It is, of course, of great importance in any kind of surface fabrication due to the optimisation 
of the materials used while making any surface less rough. 
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8. Economic Study 
The present project can be economically evaluated. Below it is done an analysis of all costs 
related to the paper. 
In first place, the most important part of the project, in the economic aspect, it is the time 
dedicated to the whole study. This includes time dedicated to getting to know the topic, 
learning Matlab coding, and delving into the theory regarding both roughness and the 
mathematical methods employed throughout the work. 
The approximate number of hours is of 317, with a cost of 20€ each. 
The second aspect taken into account is the transport that has been obliged for the project 
to be achieved. This includes all movement from and to the university, where the author 
has had to go to speak with the tutor, to the library to do research, etc. It has been calculated 
that each kilometre with a 125cc scooter costs about 3.4 cent of euro, and about 204km 
have been done. 
Note that all a lot of work has been done close to the author’s residence or at it, therefore, 
the economic impact is included in work hours and not in transport counting as fuel. 
The third point is basic in the project. This represents the cost of buying a program license 
to develop the program. Note that the license bought has been MATLAB and Simulink 
Student Suite, a special and more economical version for students and university use. 
In last place, it has been studied the amortization of the pc. 
Doing basic calculations as shown in Table 7: PC Amortization, knowing the original price 
of the machine, and the approximated lifetime of a PC, it has been attributed to the project 
a certain amortization of the computer of about 8, 30 € per month, for around 5 months. 
 
Amortization of PC 
Initial 
Cost (€) 
lifetime 
(years) 
Annual 
am. (€) 
Monthly am. 
(€) 
499 5 99,8 8,317 
Table 7: PC Amortization 
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The result of the full economic study is represented in Table 8: Economic Study table, 
below. 
 Cost Quantity TOTAL 
Work Hours 20 317 6.340,00 € 
Transport 0,034 204 6,90 € 
Software 42,35 1 42,35 € 
PC 8,317 5 41,58 € 
Imprint 40 1 40 € 
TOTAL SUM 6.470,83 € 
Table 8: Economic Study table 
The total full cost of the project has been of approximately 6.470, 83€. 
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Conclusions 
The algorithm has been able to differentiate the waviness from the roughness in a given 
profile according to existing normalisation, and has calculated proper parameters for 
primary profiles and most importantly, for roughness only profile. 
It has been able to create a filter from an obtained parameter from a measured profile and 
it has then stablished a limit of waviness leading to a differentiation of profiles. 
Final properties only related to roughness are of high importance in order to improve 
fabrication of materials, and especially in this area of Thermal Engines and Machines, 
where, for example, the roughness in a piston is needed and has to be optimised. 
The environmental impact of this project has been very low and the economic study has 
represented an investment of only 6.470, 83€. 
This project has the limitation of the Gaussian filter, as mentioned above in paragraph 4.6.3. 
Gaussian Filter, where it can be seen that, for most samples, the Waviness profile results 
incorrect, and therefore, the Roughness profile and the parameters that are extracted from 
it. 
This is due to the problematic aspect of not having a robust Gaussian filter. The existing 
filter that overcomes this problem is the Robust Gaussian Regression Filter (RGRF), 
referred to above. Note that this problematic affects only those profiles with high and sudden 
variations in heights, which are sometimes too many. 
A refinement of this project would be to create and implement this filter in order to obtain a 
faithful waviness profile that would then develop into a correct Roughness profile. 
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1 ISO 4287:1997, Amd.1:2009 Geometrical Product Specifications (GPS)  
- Surface texture: Profile Method – Terms, definitions and surface texture parameters  
2 Recent Advances in Separation of Roughness, Waviness and Form; Raja J, 
Muralikrishnan B, Fu S, Liu X. Center for Precision Metrology. The University of North 
Carolina at Charlotte. 
3 Extracted from the webpage 
http://www.mfg.mtu.edu/cyberman/quality/sfinish/terminology.html. 
4 All formulas and some theoretical information in this section comes from McCRAW, Anand 
K Bewoor and Vinay Kulkarny, Metrology and Measurement, 2009. 
5 Surface Characteristics, courtesy ANSY B46.1 – 1962. 
6 ASME Y14.36M - 1996 Surface Texture Symbols 
7 Table formulation extracted from medlibrary.com  
8 Extracted from DIN EN ISO 4288:1998. 
9 Extracted from the webpage http://www.olympus-
ims.com/es/knowledge/metrology/roughness/dictionary/ 
10 From ISO 4288:1997 Amd.1:2009 Geometrical Product Specifications (GPS)  
- Surface texture: Profile Method – Terms, definitions and surface texture parameters  
11 From Mitutoyo Surface Roughness Measurements, Practical tips for laboratory and 
workshop, Bulletin number 1984. Basic formula. 
12 Information here and below is extracted from Function on Gaussian and 2RC filters to 
determine the roughness profile in real non-periodic and periodic surfaces, Mite Tomov, 
Mikolaj. University of Skopje, Faculty of Mechanical Engineering, 2010. 
13 Part 08 of ISO 16610 Geometrical product specifications (GPS) – Filtration. 
14 Part 10 of ISO 16610 Geometrical product specifications (GPS) – Filtration. 
15 ISO 11562 Surface texture: Profile method – Metrological characteristics of phase 
correct filters. 
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16  From Recent Advances in Separation of Roughness, Waviness and Form. J. Raja, B. 
Muralikrishnan, Shengyu Fu. 
17 Source: Digital Surf. 
18 US 7461112 B2 – Signal processor, signal processing method, signal processing 
program, recording medium with the signal processing program recorded therein and 
measuring instrument. 
19 Obtained from Wolfram Math World. 
20 Wolfram Math World. 
21 See Annex 1 below. 
22 From Filtration Techniques for Surface Texture, 2006-2015 by François Blateyron, 
Digitalsurf.com. 
23 Invented term. Process of making horizontal a surface profile with slope.  
24 Py is referenced as a Primary Profile parameter, however, throughout the coding it is 
always referred as Ry in order to not duplicate programs.  
25 Table extracted from DIN EN ISO 4288:1998. 
26 Table extracted from DIN EN ISO 4288:1998. 
27 Matlab establishes a default folder: anything to be opened, saved or else, will be done in 
this folder if not manually changed.  
28 Own source and choice. 
29 Not calculated or approached in this project. 
30 The sample length has the same value as the cut-off calculated throughout tables and 
Ra. 
31 Matlab R2014a Student Version for Microsoft Windows. 
32 No ISO or official reference has been encountered relating to roughness classification. 
33 Data extracted from Matlab’s Analyze Code built-in function. 
